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1875-9572/Copyright ª 2014, TaiwanFentanyl is a synthetic opioid that is very important in anesthetic practice because of its rela-
tively short time to peak analgesic effect and the rapid termination of action after small bolus
doses. The objective of this survey is to review the clinical pharmacology of fentanyl in pre-
term infants. The bibliographic search was performed using PubMed and EMBASE databases
as search engines. In addition, the books Neofax: A manual of drugs used in neonatal care
and Neonatal formulary were consulted. Fentanyl is N-dealkylated by CYP3A4 into the inactive
norfentanyl. Fentanyl may be administered as bolus doses or as a continuous infusion. In neo-
nates, there is a remarkable interindividual variability in the kinetic parameters. In neonates,
fentanyl half-life ranges from 317 minutes to 1266 minutes and in adults it is 222 minutes. Res-
piratory depression occurs when fentanyl doses are >5 mg/kg. Chest wall rigidity may occur in
neonates and occasionally is associated with laryngospasm. Tolerance to fentanyl may develop
after prolonged use of this drug. Significant withdrawal symptoms have been reported in in-
fants treated with continuous infusion for 5 days or longer. Fentanyl is an extremely potent
analgesic and is the opioid analgesic most frequently used in the neonatal intensive care unit.
Copyright ª 2014, Taiwan Pediatric Association. Published by Elsevier Taiwan LLC. All rights
reserved.1. Introduction
The mainstay of systemic analgesia for moderate to severe
pain is the use of opioid therapy. Opioids provide both
sedation and analgesia, have a wide therapeutic window,
and decrease hemodynamic and metabolic stress
response.1 As pain is a major stressor that may increaseSchool, Via Roma 55, 56126 Pisa,
nipi.it.
014.06.002
Pediatric Association. Published bmorbidity and mortality in critically ill neonates,2 sedation
and analgesia are widely used in infants.2 Fentanyl is the
most used analgesic opioid in the neonatal intensive care
unit. Fentanyl acts as an agonist binding to m and k opioid
receptors and has the properties of an analgesic, sedative,
and anesthetic.3 This drug has a rapid onset of action of
2e3 minutes, a short duration of action of 60 minutes withItaly.
y Elsevier Taiwan LLC. All rights reserved.
144 G.M. Pacificibolus doses and minimal hemodynamic effects.4 It is widely
used to provide rapid short-lived pain relief during surgery.5
This drug is 50e100-times more potent than morphine on a
weight basis.3 In the literature, there was no survey on the
clinical pharmacology of fentanyl in preterm infants,
although this drug is often used in neonates. This prompted
us to review the published data on the effects and fate of
fentanyl in neonates, and to write the present article. The
objective of this study is to review the clinical pharma-
cology of fentanyl in preterm infants.
2. Bibliographic search
The bibliographic search was performed electronically using
PubMed and EMBASE databases as search engines. The
following keywords were used: “fentanyl pharmacokinetics
neonate”, “fentanylmetabolismneonate”, “CYP3A4 fentanyl
neonate”, “fentanyl adverse effects neonate”, “chest wall
rigidity fentanyl neonate”, “muscle rigidity fentanyl
neonate”, “urinary retention fentanyl neonate”, “hypother-
mia fentanyl neonate”, “pharmacodynamic-pharmacokinetic
fentanyl neonate”, “tolerance fentanyl neonate”, and
“adverse effects fentanyl neonate”. In addition, the books
Neofax: Amanual of drugs used in neonatal care byYoung and
Mangum6 and the Neonatal formulary7 were consulted. Drug
use in pregnancy and the first year of life.
3. Results
3.1. Effects of fentanyl in neonates
Fentanyl is an extremely potent analgesic, maintains he-
modynamic stability, blocks endocrine stress responses,
and prevents pain-induced and increased pulmonary
vascular resistance.2,8 Muscle rigidity appears after high
doses of fentanyl used in anesthetic induction.9e12 Rigidity
and respiratory depression can be treated with naloxone
(10 mg/kg).3 High doses of fentanyl can cause neuro-
excitation and, rarely, seizure-like activity.9
Guinsburg et al13 studied the response of 22 ventilated
preterm infants prior to and after a single dose of 3 mg/kg
fentanyl or placebo, and evaluated the physiologic and
behavioral measures for the assessment of pain in intu-
bated and ventilated preterm infants, and also studied
their physiologic and behavioral pain responses occurring
after fentanyl analgesia. The work by Guinsburg et al13
suggests that opioid use may decrease catabolism, divert
energy sources to growth and healing, and have a beneficial
effect on the clinical stability of critical ill preterm infants.
Single doses of fentanyl analgesia can reduce the physio-
logic/behavioral measures of pain and stress associated
with mechanical ventilation in preterm infants.
Recently, attention was drawn to the pharmacokinetic/
pharmacodynamic (PK/PD) relationship for fentanyl. A
predictive PK/PD model of fentanyl that includes growth
and maturation physiologic changes for fentanyl in neo-
nates was developed.14 The final model was evaluated by
predicting the time course of plasma concentrations and
the effect of a standard regimen of 10.5 mg/kg, followed by
1.5 mg/kg/hour for 48 hours. Systemic clearance, volume ofdistribution of the central compartment, and steady-state
volume of distribution were 0.028 L/minute, 1.26 L, and
22.04 L, respectively. The model could be used in optimal
design of clinical trials for this vulnerable population.
The PK/PD correlation of intranasal and intravenous
fentanyl in opioid-naı¨ve patients has been studied.15
Bioavailability of intranasal fentanyl was 89%, with a lag
of approximately 5 minutes and a half-life of about 6.5
minutes. Interindividual variability of fentanyl was about
30% for all absorption parameters. Intranasal versus intra-
venous administration of fentanyl lead to a delayed mean
fentanyl time to maximum concentration (13 minutes vs. 6
minutes) and lower maximum concentration (1.2 ng/mL vs.
2.0 ng/mL). Dosing of intranasal fentanyl can be variable
and the duration of effect was directly related to the
intranasal fentanyl dose. The standard dose of intrave-
nously administered fentanyl is 1e2 mg/kg.
Changes in plasma fentanyl concentrations were
measured in 15 infants undergoing cardiac surgery using
a low-volume bypass circuit.16 Intravenous anesthesia
was induced with 30 mg/kg of fentanyl, followed by a
continuous infusion of 0.3 mg/kg fentanyl/hour until skin
closure. Minimal changes in fentanyl concentration occur
during infant cardiac surgery when a low-volume circuit
and a fentanyl technique that includes an initial bolus
followed by a continuous infusion of fentanyl are used.
3.2. Metabolism of fentanyl in neonates and adults
Fentanyl is metabolized by CYP3A4,3 which appears during
the 1st week of life.6,7 Studies with the human adult liver
microsomes revealed that fentanyl is N-dealkylated to give
the inactive norfentanyl.17 Fentanyl is also N-hydroxylated
by CYP3A4, but N-hydroxylation is a minor metabolic
pathway of fentanyl.18
Tramodol (M) is N-demethylated to N-demethyl tramadol
(M2) by CYP3A4. The log M/M2 ratio was assessed in 24-hour
urine collection and found to be 1.44  0.46. There was an
inverse correlation with the postmenstrual age
(r2 Z 0.43)19 and the maturational half-life of the log M/
M2 ratio was 16e20 weeks. The postmenstrual age was
found to be the most important maturational change
determining the in vivo activity of CYP3A4.19
3.3. Pharmacokinetics following bolus
administration of fentanyl to neonates
The pharmacokinetic parameters of fentanyl are summa-
rized in Table 1.
Fentanyl is well absorbed by the gastrointestinal tract, but
bioavailability is limited by rapid liver metabolism.5,20 The
pharmacokinetics of fentanyl, administered intravenously at
the doses 10e50 mg/kg, were studied in 14 neonates aged
1e14 days, undergoing major surgical procedures.18 Phar-
macokinetics of fentanylwere influenced neither by thedose,
nor by the infant age. Doses of 25e50 mg/kg fentanyl given to
infants aged 0.5e1 day yielded plasma concentrations of
1.1e3.8 ng/mL 3e16 hours after fentanyl injection.18
The pathology and/or the surgical lesion lengthen half-life
of fentanyl.18 Three infants with increased intra-abdominal
pressure had a fentanyl half-life 1.5e3 times the population
Table 1 Pharmacokinetic parameters of fentanyl in neonates.
Age (d) No. of cases Dose (mg/kg) Half-life (min) Clearance (mL/min/kg) Distribution volume (l/kg) Refs
1e14 14 10e50 Bolus 317  70* 17.9  4.4* 5.1  1.0* 18
1e71 14 54.1  2.3 Bolus 279  204 19.2  11.0 8.2  2.5 25
31.8  4.7 weeks 9 30 Bolus 1062  558 NA NA 26
26e42 weeks 38 Infusiony NA 11.5  4.0 NA 30
32  4 weeks 7 1.28  0.58 mg/kg/h 570  156 19.2  8.2 17.0  9.0 31
18 dayse14 years 19 Bolus þ infusionx 1266z 13.2y 15.2y 27
Adults d d 222  24 13.2  2.0 4.0  0.4 28
Data are presented as mean  standard deviation unless otherwise indicated.
NA Z not available.
* Data are the mean  standard error of the mean.
y Continuous infusion of fentanyl of 10.5 mg/kg over a 1-hour period was followed by an infusion of 1.5 mg/kg/hour for 2e3 days.
z Value is presented as mean as standard deviation was not available.
x Loading dose of 5 mg/kg fentanyl, immediately followed by a constant infusion at 0.47e10.3 mg/kg/hour.
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undergoing an exploratory laparotomy, had a fentanyl half-
life of 750 minutes.18 Another infant, who received 50 mg/kg
fentanyl, andwas undergoing a repair of a large omphalocele,
had a fentanyl half-life of 463 minutes.18
Neonates with increased abdominal pressure had longer
half-life than healthy infants. Fentanyl has a high hepatic
extraction ratio, and clearance is primarily dependent on
hepatic perfusion.18 The transient rebounds in fentanyl
plasma levels that occurred in some patients may reflect
sequestering and subsequent release of fentanyl. Rebounds
in fentanyl plasma levels have been reported in adults.21e24
Fentanyl was administered at the dosage of
54.1  2.3 mg/kg to 14 infants aged from 1 day to 71 days.25
Clearance was not measurable in two neonates aged 1 day
and 3 days. In the remaining 12 neonates, clearance ranged
from 9.0 mL/kg/minute to 32.8 mL/kg/minute
[mean  standard deviation (SD), 19.2  11.0 mL/kg/mi-
nutes) and was correlated with the infant age (r Z 0.5642;
p Z 0.0356). Mean  SD half-life was 279  204 minutes
and distribution volume was 8.2  2.5 L/kg. Neither
parameter was correlated with the infant’s age.
Fentanyl (30 mg/kg) was administered to nine preterm
infants.26 The fentanyl plasma concentration was
10.6  1.9 ng/mL, 30 minutes after dosing. After 2 hours, it
was 9.6  1.6 ng/mL suggesting that fentanyl plasma con-
centration reduces slowly in infants yielding a half-life of
1062  558 minutes.
A gradual increase in heart rate from 159  12 beats/
minute, at the time of skin incision, to 173  15 beats/
minutes (p < 0.05), at the time of skin closure,26 was
observed after fentanyl injection. A 30-mg/kg dose of fen-
tanyl may not be adequate to cover the increased stimulus
of skin closure in preterm infants after closure of a patent
ductus arteriosus. A dose of 50 mg/kg or a continuous
infusion of fentanyl are more reasonable.
The unbound fentanyl fraction is 0.23 in neonatal
plasma27 and 0.16 in adult plasma.28 The modest difference
in the unbound fraction of fentanyl between infants and
adults cannot explain the large difference observed in
distribution volume between neonates and adults. The
rapid and cumulative redistribution of fentanyl into fat and
muscle depots may be the cause of the large distribution
observed in neonates.53.4. Pharmacokinetics following continuous
infusion of fentanyl to neonates
Thirty-eight infants with a gestational age of 26e42 weeks
received a fentanyl bolus dose of 10.5 mg/kg, followed by
an infusion of 1.5 mg/kg/hour, which lasted for 2e3 days.29
The steady-state fentanyl concentration (mean  SD,
2.5  1 ng/mL) negatively correlated with the pain score
(r Z 0.57; p < 0.01). The clearance of fentanyl
(mean  SD, 11.5  4.0 mL/kg/minute) correlated with
gestational age (r Z 0.46; p < 0.01) and with birth weight
(r Z 0.48; p < 0.01).
The pharmacokinetics of fentanyl was studied in seven
preterm infants30 who had undergone mechanical ventila-
tion. They received a continuous infusion of fentanyl
(mean  SD, 1.28  0.58 mg/kg/hour). The mean half-life,
clearance, and distribution volume were 570  156 mi-
nutes, 19.2  8.2 mL/minute/kg, and 17.0  9.0 L/kg,
respectively. A significant correlation was observed be-
tween postnatal age and clearance (r Z 0.80; p Z 0.03).
Nineteen children, aged from 18 days to 14 years, un-
dergoing mechanical ventilation, received a loading dose of
5 mg/kg fentanyl, followed by a continuous infusion of
3.6 mg/kg/hour.31 Clearance was 13.2  2.0 mL/minute/kg
and correlated with infant age. Patients aged between 6
months and 6 years had a mean clearance of 18.8 mL/
minute/kg and patients aged <6 months and >6 years had a
clearance of 8.0 mL/minute/kg and 8.1 mL/minute/kg,
respectively. The mean terminal half-life was 1266 minute
and distribution volume was 15.2 L/kg. Patients seen in a
pediatric intensive care unit required a 10-fold variability in
fentanyl infusion rates to achieve similar levels of sedation.
3.5. Analgesic effects of fentanyl following bolus or
continuous infusion to neonates
Ancora et al32 studied the analgesic effect of fentanyl in
64 preterm infants. There were 67 controls and the study
lasted 7 days. The analgesic efficacy was evaluated by the
Echelle Douleur Inconfort Nouveau-Ne` scale, with scores
>6 for 6.8% (fentanyl) and 10.6% (placebo; p Z 0.003).
The median premature infant pain profile score was sta-
tistically higher in the placebo group than in the fentanyl
146 G.M. Pacificigroup on Day 1, Day 2, and Day 3 after treatment
(p < 0.05). Mechanical ventilation was required in 42.2%
and 25.4% (p Z 0.042) in the fentanyl group and placebo
group, respectively. The median duration of the me-
chanical ventilation cycle was 151 hours and 110 hours
(p Z 0.019) in the fentanyl group and placebo group,
respectively. In preterm infants on mechanical ventila-
tion, continuous fentanyl infusion, plus open-label boluses
of fentanyl, does not reduce prolonged pain, and in-
creases adverse effects compared with open-label boluses
of fentanyl alone. Vaughn et al33 compared the continuous
infusion of fentanyl with bolus dosing in infants. Apnea
occurred in eight of nine (89%) patients receiving fentanyl
as a bolus compared with one of seven patients receiving
fentanyl as a continuous infusion (14%; p < 0.009). Apnea
was less likely to be severe in the continuous infusion
patients (11%) than in the bolus patients (73%). Bolus
fentanyl dosing may be appropriate for analgesia and
sedation during minor procedures, but is not appropriate
for postoperative analgesia in high-risk neonates.
Continuous infusion of fentanyl is not a therapy without
risk, but it may be associated with less severe respiratory
depression as compared with intermittent treatment. The
results by Ancora et al32 do not accord with those by
Vaughn et al.33
Gruber et al34 evaluated whether the administration of
midazolam has some beneficial effects compared to that
obtained with large-dose fentanyl. These authors were
unable to demonstrate any additional suppression of the
stress response in the midazolam group, or advantages in
hemodynamic stability or total duration of mechanical
ventilation and intensive care unit stay.3.6. Plasma levels of fentanyl during
extracorporeal membrane oxygenation in neonates
Extracorporeal membrane oxygenation (ECMO) therapy is a
form of prolonged cardiopulmonary bypass used to support
patients with life-threatening respiratory or cardiac fail-
ure.35 Fentanyl has rapid onset of action, relative hemo-
dynamic effects, and short half-life, and is frequently used
to provide analgesia and sedation for patients undergoing
ECMO therapy. Tolerance to opioid-induced sedation has
been described in neonates sedated with fentanyl by
continuous infusion while undergoing ECMO.36 Eight neo-
nates, with a birth weight of 3160  620 g, received a
fentanyl dose of 10e20 mg/kg, followed by continuous
fentanyl infusion (9.2  1.9 mg/kg/hour), which lasted
5.9  3.0 days. The mean fentanyl infusion rate increased
238% during the 6 days of infusion. The assessment of ad-
equacy of sedation in critically ill newborn infants under-
going ECMO is a difficult process because of the alterations
that occur in infant fentanyl pharmacodynamics.
The neonates who had opioid withdrawal after ECMO,
had significantly higher peak infusion rates of fentanyl,
larger total doses of fentanyl, and longer ECMO therapy
than the neonates who did not have withdrawal after ECMO
(p < 0.001, p Z 0.003, and p Z 0.009, respectively). Ne-
onates who received a total fentanyl dose >1.2 mg/kg
during ECMO were 13 times more likely to experience opioid
withdrawal after ECMO (Fisher exact test, p Z 0.003) thanwere neonates who received a smaller total dose of fen-
tanyl. Total fentanyl dose during ECMO had a sensitivity of
85% and a specificity of 70% for predicting the occurrence of
withdrawal after ECMO. Tolerance and physical depen-
dence are thought to develop more rapidly with continuous
infusion than with intermittent administration, because of
the greater duration of receptor occupancy.37
3.7. Adverse effects of fentanyl in neonates
Fentanyl citrate is incompatible with thiopental sodium,
methohexital sodium,38 azithromycin, pentobarbital so-
dium, and phenytoin.1 Ketoconazole and erythromycin are
potent inhibitors of fentanyl metabolism17 and must not be
used in association with fentanyl.
Nausea, vomiting, and itching can be observed after
fentanyl administration. Muscle rigidity appears to be more
common after high doses used in anesthetic induction. High
doses of fentanyl can cause neuroexcitation and, rarely,
seizure-like activity.5 Urinary retention may occur with
fentanyl continuous infusion.3 Respiratory depression oc-
curs when fentanyl doses >5 mg/kg are used, and it may
also occur unexpectedly because of redistribution.3,39
Respiratory depression responds to naloxone (10 mg/kg).3
Atropine (10e30 mg/kg)3 may be used to block the vagal
effects of fentanyl such as bradycardia.
A study on chest wall rigidity, with occasional lar-
yngospasm, has been reported in preterm and term in-
fants.9 Eight out of 89 neonates receiving fentanyl over a 1-
year period showed chest wall rigidity.12 Fentanyl dosage
ranged from 2.2 mg/kg to 6.5 mg/kg and was administered as
a slow intravenous bolus.12 Seventy-five percent of patients
received naloxone 10e105 mg/kg (mean dose 45 mg/kg),
resulting in improvement and recovery from respiratory
distress with good thoracic expansion after 1 minute.40
Fentanyl analgesia increases the incidence of post-
operative hypothermia in neonates.41,42 Nine neonates with
a mean age of 35 weeks received fentanyl intravenously
(median 5.9 mg/kg). The decrease in temperature was
1.8e2.8C. Hypothermia can increase the risk of post-
operative complications by inducing peripheral vasocon-
striction, increasing anaerobic metabolism, pulmonary
vasoconstriction, and right-to-left shunting. Morphine or
bupivacaine did not yield hypothermia.
Tolerance is an adverse effect of opioids and may
develop to high analgesic doses with prolonged use.36,41
Significant withdrawal symptoms have been reported in
patients treated with continuous infusion receiving
10e20 mg/kg fentanyl for 5 days or longer.1 Arnold et al41
reported the uniform development of tolerance and high
incidence of opioid dependence in neonates receiving
prolonged fentanyl infusion during ECMO. Mean infusion
rate increased steadily during ECMO therapy, from a
mean  SD of 11.6  6.9 mg/kg/hour on Day 1 to
52.5  19.4 mg/kg/hour on Day 8; the increase was 452%.
4. Discussion
Fentanyl provides rapid analgesia, maintains hemostatic
stability, blocks endocrine stress responses, and prevents
pain-induced increases in pulmonary vascular resistance.
Fentanyl in preterm infants 147Fentanyl causes less histamine release than morphine and is
therefore more stable in patients with congenital heart or
chronic lung disease.5
Muscle rigidity appears to be more common after high
doses in anesthetic induction.42e49 Chest rigidity and lar-
yngospasm are reversible with 10 mg/kg naloxone.3 It has
been postulated that the rigidity is mediated in part by the
modulation of g-aminobutyric acid pathways at the spinal
cord and basal ganglia levels via fentanyl binding to m1 and
k opioid receptors.44
Sustained administration of an opiate agonist leads to
progressive loss of drug effect. Tolerance is reflected by a
reduction in the maximum achievable drug effect. It de-
velops rapidly, especially with infusion compared to boluses
because of the greater duration of receptor occupancy.50
A remarkable variability of the pharmacokinetic pa-
rameters of fentanyl has been described in neonates.18
Half-life ranged 12-fold, and distribution volume and
clearance ranged 12-fold and 11-fold, respectively. The
longer half-life of fentanyl in neonates, and the consequent
lower rate of fentanyl elimination, are due to the lower
expression of CYP3A4 in neonatal liver, which metabolizes
fentanyl.7,51 The pathology and/or surgical lesion lengthens
half-life of fentanyl in neonates.
Guinsburg et al13 suggested that preterm neonates
experience some degrees of pain or stress associated with
mechanical ventilation. Opioid use has a beneficial effect
on the clinical stability of critically ill preterm neonates.4,41
Ancora et al32 found that fentanyl administrated as a
bolus is safer that the continuous administration of fenta-
nyl. In contrast, Vaughn et al33 reported opposite results: a
lower frequency of apneic spells after continuous infusion
than after bolus administration of fentanyl.
Tolerance to opioid-induced sedation has been reported
in neonates sedated with fentanyl by continuous infusion
while undergoing ECMO.41 An average of 8 days duration of
ECMO therapy determined an infusion rate increase of
452%. The mean plasma fentanyl concentrations increased
448% in 6 days of infusion. Although much about analgesics
in neonates is already known, further research is required
to ensure that the doses recommended for the treatment of
analgesia in neonates are evidence-based.
Schmidt et al52 compared the sufentanil versus fentanyl
in ventilated term neonates. These authors compared the
weaning time between fentanyl and sufentanil group.
Mean  SD weaning time of the fentanyl group was
520  381 minutes and of the sufentanil group was
585  531 minutes. No difference was observed for weaning
time between the fentanyl group and sufentanil group. The
mean opioid dose resulted in a 10:1 ratio (fentanyl 4.11 mg/
kg/hour vs. 0.41 mg/kg/hour). These authors found no dif-
ference in sedation levels, blood pressure, heart rate,
oxygenation index, comedication, or urinary cortisol levels.
In both groups similar adverse effects were assessed
including respiratory depression, mild withdrawal symp-
toms, or decrease of gastrointestinal motility.Conflicts of interest
The author has no conflicts of interest relevant to this
article.Acknowledgments
This work has been supported by the Ministry of the Uni-
versity and Scientific and Technologic Research (Rome,
Italy). The author thanks Dr Rosa Baviello and Dr Ida Ber-
tolini, of the Medical Library of the University of Pisa (Pisa,
Italy), for the prompt retrieving of the literature. Particular
thanks to Dr Tessa Piazzini, of the Biomedical Library of the
University of Florence (Florence, Italy) who performed the
bibliographic search with EMBASE.References
1. Yaksh TL, Wallace MS. Opioids, analgesia, and pain manage-
ment. In: Brunton LL, Chabner BA, Knollman BC, editors.
Goodman & Gilman’s the pharmacological basis of thera-
peutics. 12th ed. New York: McGraw Hill; 2011. p. 505.
2. Aranda JV, Carlo W, Hummel P, Thomas R, Lehr VT, Anand KJ.
Analgesia and sedation during mechanical ventilation in ne-
onates. Clin Ther 2005;27:877e99.
3. Young TE, Mangum B. Neofax, a manual of drugs used in
neonatal care. 23rd ed. Montvale: Thomson Reuters; 2010.
4. Anand KJ. Pharmacological approaches to the management of
pain in the neonatal intensive care unit. J Perinatol 2007;27:
S4e11.
5. Hay E, editor. Neonatal formulary. 6th ed. Bognor Regis: John
Wiley & Sons; 2011.
6. Kearns GL, Abdel-Rahman SM, Alander SW, Blowey DL,
Leeder JS, Kauffman RE. Developmental pharmacologyedrug
disposition, action, and therapy in infants and children. N
Engl J Med 2003;349:1157e67.
7. Lacroix D, Sonnier M, Moncion A, Cheron G, Cresteil T.
Expression of CYP3A in the human livereevidence that the
shift between CYP3A7 and CYP3A4 occurs immediately after
birth. Eur J Biochem 1997;247:625e34.
8. Hamon I, Hascoe¨t JM, Debbiche A, Vert P. Effects of fentanyl
administration on general and cerebral haemodynamics in
sick newborn infants. Acta Paediatr 1996;85:361e5.
9. Bailey PL, Stanley TH. Intravenous opioid anesthetics. In:
Miller RD, editor. Anesthesia. 4th ed. New York: Churchill
Livingstone; 1994. p. 291e387.
10. Dewhirst E, Naguib A, Tobias JD. Chest wall rigidity in two
infants after low-dose fentanyl administration. Pediatr Emerg
Care 2012;28:465e8.
11. Prakash S, Mehra V, Gogia AR. Fentanyl induced rigidity in an
infant. J Anaesthesiol Clin Pharmacol. 2010 Oct;26(4):567e8.
12. Fahnenstich H, Steffan J, Kau N, Bartmann P. Fentanyl-
induced chest wall rigidity and laryngospasm in preterm and
term infants. Crit Care Med 2000;28:836e9.
13. Guinsburg R, Kopelman BI, Anand KJ, de Almeida MF, Peres
Cde A, Miyoshi MH. Physiological, hormonal, and behavioral
responses to a single fentanyl dose in intubated and venti-
lated preterm neonates. J Pediatr 1998;132:954e9.
14. Encinas E, Calvo R, Lukas JC, Vozmediano V, Rodriguez M,
Suarez E. A predictive pharmacokinetic/pharmacodynamic
model of fentanyl for analgesia/sedation in neonates based
on a semi-physiologic approach. Paediatr Drugs 2013;15:
247e57.
15. Foster D, Upton R, Christrup L, Popper L. Pharmacokinetics
and pharmacodynamics of intranasal versus intravenous fen-
tanyl in patients with pain after oral surgery. Ann Pharmac-
other 2008;42:1380e7.
16. Kussman BD, Zurakowski D, Sullivan L, McGowan FX, Davis PJ,
Laussen PC. Evaluation of plasma fentanyl concentrations in
148 G.M. Pacificiinfants during cardiopulmonary bypass with low-volume cir-
cuits. J Cardiothorac Vasc Anesth 2005;19:316e21.
17. Feierman DE, Lasker JM. Metabolism of fentanyl, a synthetic
opioid analgesic, by human liver microsomes. Role of CYP3A4.
Drug Metab Dispos 1996;24:932e9.
18. Koehntop DE, Rodman JH, Brundage DM, Hegland MG,
Buckley JJ. Pharmacokinetics of fentanyl in neonates. Anesth
Analg 1986;65:227e32.
19. Allegaert K, Van den Anker JN, Debeer A, Cossey V,
Verbesselt R, Tibboel D, et al. Maturational changes in the
in vivo activity of CYP3A4 in the first months of life. Int J Clin
Pharmacol Ther 2006;44:303e8.
20. Labroo RB, Paine MF, Thummel KE, Kharasch ED. Fentanyl
metabolism by human hepatic and intestinal cytochrome P450
3A4: implications for interindividual variability in disposition,
efficacy, and drug interactions. Drug Metab Dispos 1997;25:
1072e80.
21. Stoeckel H, Hengstmann JH, Schu¨ttler J. Pharmacokinetics of
fentanyl as a possible explanation for recurrence of respira-
tory depression. Br J Anaesth 1979;51:741e5.
22. Stoeckel H, Schu¨ttler J, Magnussen H, Hengstmann JH. Plasma
fentanyl concentrations and the occurrence of respiratory
depression in volunteers. Br J Anaesth 1982;54:1087e95.
23. Bovill JG, Sebel PS. Pharmacokinetics of high-dose fentanyl. A
study in patients undergoing cardiac surgery. Br J Anaesth
1980;52:795e801.
24. McQuay HJ, Moore RA, Paterson GM, Adams AP. Plasma fen-
tanyl concentrations and clinical observations during and
after operation. Br J Anaesth 1979;51:543e50.
25. Gauntlett IS, Fisher DM, Hertzka RE, Kuhls E, Spellman MJ,
Rudolph C. Pharmacokinetics of fentanyl in neonatal
humans and lambs: effects of age. Anesthesiology 1988;69:
683e7.
26. Collins C, Koren G, Crean P, Klein J, Roy WL, MacLeod SM.
Fentanyl pharmacokinetics and hemodynamic effects in pre-
term infants during ligation of patent ductus arteriosus.
Anesth Analg 1985;64:1078e80.
27. Wilson AS, Stiller RL, Davis PJ, Fedel G, Chakravorti S,
Israel BA, et al. Fentanyl and alfentanil plasma protein
binding in preterm and term neonates. Anesth Analg 1997;84:
315e8.
28. Thummel KE, Shen DD, Isoherranen N. Design and optimiza-
tion of dosage regimens: pharmacokinetic data. In:
Laurence L, Brunton L, Chabner B, Knollman B, editors.
Goodman & Gilman’s the pharmacological basis of thera-
peutics. 12th ed. New York: McGraw Hill; 2011. p. 1931.
29. Saarenmaa E, Neuvonen PJ, Fellman V. Gestational age and
birth weight effects on plasma clearance of fentanyl in
newborn infants. J Pediatr 2000;136:767e70.
30. Santeiro ML, Christie J, Stromquist C, Torres BA,
Markowsky SJ. Pharmacokinetics of continuous infusion fen-
tanyl in newborns. J Perinatol 1997;17:135e9.
31. Katz R, Kelly HW. Pharmacokinetics of continuous infusions of
fentanyl in critically ill children. Crit Care Med 1993;21:
995e1000.
32. Ancora G, Lago P, Garetti E, Pirelli A, Merazzi D, Mastrocola M,
et al. Efficacy and safety of continuous infusion of fentanyl
for pain control in preterm newborns on mechanical ventila-
tion. J Pediatr 2013;163:645e51.
33. Vaughn PR, Townsend SF, Thilo EH, McKenzie S, Moreland S,
Denver KK. Comparison of continuous infusion of fentanyl tobolus dosing in neonates after surgery. J Pediatr Surg 1996;
31:1616e23.
34. Gruber EM, Laussen PC, Casta A, Zimmerman AA,
Zurakowski D, Reid R, et al. Stress response in infants un-
dergoing cardiac surgery: a randomized study of fentanyl
bolus, fentanyl infusion, and fentanyl-midazolam infusion.
Anesth Analg 2001;92:882e90.
35. Buck ML. Pharmacokinetic changes during extracorporeal
membrane oxygenation: implications for drug therapy of ne-
onates. Clin Pharmacokinet 2003;42:403e17.
36. Arnold JH, Truog RD, Scavone JM, Fenton T. Changes in the
pharmacodynamic response to fentanyl in neonates during
continuous infusion. J Pediatr 1991;119:639e43.
37. Hovav E, Weinstock M. Temporal factors influencing the
development of acute tolerance to opiates. J Pharmacol Exp
Ther 1987;242:251e6.
38. Sweetman SC. Fentanyl. In: Sweetman SC, editor. Martindale:
the complete drug reference. 34th ed. London: Pharmaceu-
tical Press; 2005. p. 40e2.
39. Das UG, Sasidharan P. Bladder retention of urine as a result of
continuous intravenous infusion of fentanyl: 2 case reports.
Pediatrics 2001;108:1012e5.
40. Eventov-Friedman S, Rozin I, Shinwell ES. Case of chest-wall
rigidity in a preterm infant caused by prenatal fentanyl
administration. J Perinatol 2010;30(2):149e50.
41. Arnold JH, Truog RD, Orav EJ, Scavone JM, Hershenson MB.
Tolerance and dependence in neonates sedated with fentanyl
during extracorporeal membrane oxygenation. Anesthesi-
ology 1990;73:1136e40.
42. Tibboel D, Anand KJ, van den Anker JN. The pharmacological
treatment of neonatal pain. Semin Fetal Neonatal Med 2005;
10:195e205.
43. Ellenbroek B, Schwarz M, Sontag KH, Jaspers R, Cools A.
Muscular rigidity and delineation of a dopamine-specific
neostriatal subregion: tonic EMG activity in rats. Brain Res
1985;345:132e40.
44. Bolisetty S, Kitchanan S, Whitehall J. Generalized muscle ri-
gidity in a neonate following intrathecal fentanyl during
caesarean delivery. Intensive Care Med 1999;25:1337.
45. Lindemann R. Respiratory muscle rigidity in a preterm infant
after use of fentanyl during Caesarean section. Eur J Pediatr
1998;157:1012e3.
46. Ranger M, Johnston CC, Anand KJ. Current controversies
regarding pain assessment in neonates. Semin Perinatol 2007;
31:283e8.
47. Bergqvist LL, Katz-Salamon M, Hertega˚rd S, Anand KJ,
Lagercrantz H. Mode of delivery modulates physiological and
behavioral responses to neonatal pain. J Perinatol 2009;29:
44e50.
48. Mainous RO. Research utilization: pharmacologic manage-
ment of neonatal pain. Neonatal Netw 1995;14:71e4.
49. Berde CB, Sethna NF. Analgesics for the treatment of pain in
children. N Engl J Med 2002;347:1094e103.
50. Truog R, Anand KJ. Management of pain in the postoperative
neonate. Clin Perinatol 1989;16:61e78.
51. Feierman DE. Identification of cytochrome P450 3A1/2 as the
major P450 isoform responsible for the metabolism of fenta-
nyl by rat liver microsomes. Anesth Analg 1996;82:936e41.
52. Schmidt B, Adelmann C, Stu¨tzer H, Welzing L, Hu¨nseler C,
Kribs A, et al. Comparison of sufentanil versus fentanyl in
ventilated term neonates. Klin Padiatr 2010;222:62e6.
